Activation of AMPA receptors (AMPARs) in the nucleus accumbens is necessary for the reinstatement of cocaine-seeking behavior, an animal model of drug craving and relapse. AMPARs are tetrameric protein complexes that consist of GluA1-4 subunits, of which GluA2 imparts calcium permeability. Adenosine deaminase acting on RNA 2 (ADAR2) is a nuclear enzyme that is essential for editing GluA2 pre-mRNA at Q/R site 607. Unedited GluA2(Q) subunits form calcium-permeable AMPARs (CP-AMPARs), whereas edited GluA2(R) subunits form calcium-impermeable channels (CI-AMPARs). Emerging evidence suggests that the reinstatement of cocaine seeking is associated with increased synaptic expression of CP-AMPARs in the nucleus accumbens. However, the role of GluA2 Q/R site editing and ADAR2 in cocaine seeking is unclear. In the present study, we investigated the effects of forced cocaine abstinence on GluA2 Q/R site editing and ADAR2 expression in the nucleus accumbens. Our results demonstrate that 7 days of cocaine abstinence is associated with decreased GluA2 Q/R site editing and reduced ADAR2 expression in the accumbens shell, but not core, of cocaine-experienced rats compared with yoked saline controls. To examine the functional significance of ADAR2 and GluA2 Q/R site editing in cocaine seeking, we used viral-mediated gene delivery to overexpress ADAR2b in the accumbens shell. Increased ADAR2b expression in the shell attenuated cocaine priming-induced reinstatement of drug seeking and was associated with increased GluA2 Q/R site editing and surface expression of GluA2-containing AMPARs. Taken together, these findings support the novel hypothesis that an increased contribution of accumbens shell CP-AMPARs containing unedited GluA2(Q) promotes cocaine seeking. Therefore, CP-AMPARs containing unedited GluA2(Q) represent a novel target for cocaine addiction pharmacotherapies.
INTRODUCTION
AMPA receptor (AMPAR) calcium permeability depends on whether the GluA2 subunit is incorporated into the tetramer. [1] [2] [3] The ability of the GluA2 subunit to regulate calcium influx depends upon RNA editing. GluA2 transcripts are edited at amino acid 607 such that the genomic glutamine (Q) codon is converted to a codon encoding arginine (R). 4 This posttranscriptional modification involves enzymatic deamination of an adenosine residue in the GluA2 pre-mRNA before splicing. 5 The primary enzyme that catalyzes GluA2 Q/R site editing is adenosine deaminase acting on RNA 2b (ADAR2b). 6, 7 Thus, AMPARs are calcium impermeable (CI-AMPARs) if they contain the edited GluA2(R) subunit and calcium permeable (CP-AMPARs) if they contain the unedited GluA2(Q) subunit or if they are GluA2-lacking. 8 Although there is strong evidence that GluA2-lacking AMPARs contribute to normal brain function and disease, 9, 10 including drug addiction, 11 the functional significance of unedited GluA2(Q) in the brain is not clear. 8 Chronic cocaine exposure produces profound changes in glutamate transmission in limbic nuclei including the nucleus accumbens. Specifically, increased glutamate transmission and AMPAR activation in the nucleus accumbens are necessary for the reinstatement of cocaine-seeking behavior, an animal model of drug craving and relapse. 12 Moreover, cocaine seeking is associated with increased synaptic expression of accumbens CPAMPARs (i.e., GluA2-lacking AMPARs), which enhance synaptic strength. [13] [14] [15] Cocaine-induced AMPAR plasticity is a dynamic process that is mediated, in part, by cellular mechanisms regulating trafficking of both GluA1 and GluA2 subunits. 11 As 99% of GluA2 subunits expressed in the adult brain are edited GluA2(R), 16, 17 cocaine seeking is likely associated with decreased synaptic expression of CI-AMPARs containing GluA2(R). Alternatively, decreased GluA2 Q/R site editing during cocaine abstinence could result in increased synaptic expression of CP-AMPARs containing unedited GluA2(Q) subunits.
The objective of the present study was to investigate the role of GluA2 Q/R site editing in the reinstatement of cocaine-seeking behavior. ADAR2b expression and GluA2 Q/R transcript levels were measured in the nucleus accumbens core and shell subregions of cocaine-experienced rats following 7 days of forced drug abstinence. Our results demonstrate that cocaine abstinence decreased GluA2 Q/R site editing in the nucleus accumbens shell, but not the accumbens core, and was associated with decreased shell ADAR2 expression. Moreover, increased expression of ADAR2b in the accumbens shell attenuated cocaine priming-induced reinstatement of drug seeking and was associated with increased expression of edited GluA2(R) and increased surface expression of GluA2-containing AMPARs in the accumbens shell. These novel findings suggest that nucleus accumbens shell GluA2 Q/R site editing and ADAR2b function have a critical role in cocaine craving and relapse.
MATERIALS AND METHODS

Animals and housing
Male Sprague-Dawley rats (Rattus norvegicus) weighing 250-300 g were obtained from Taconic Laboratories (Germantown, NY, USA). Animals were individually housed with food and water available ad libitum in their home cage. A 12/12 h light-dark cycle was used with the lights on at 0700 hours. All experimental procedures were performed during the light cycle. The experimental protocols were all consistent with the guidelines issued by the US National Institutes of Health and were approved by the University of Pennsylvania's Institutional Animal Care and Use Committee.
Surgery
Before surgery, rats were anesthetized with 80 mg kg − 1 ketamine and 12 mg kg − 1 xylazine (intraperitoneally; Sigma-Aldrich, St Louis, MO, USA). An indwelling silastic catheter was inserted into the right jugular vein and sutured in place. The catheter was then passed subcutaneously over the shoulder blade and routed to a mesh backmount platform (CamCath, Cambridge, UK) that was positioned subcutaneously dorsal to the shoulder blades. Catheters were flushed daily with 0.3 ml of antibiotic (Timentin, 0.93 mg ml − 1 ) dissolved in heparinized saline and sealed with plastic obturators when not in use. For viral overexpression experiments, rats were mounted in a stereotaxic apparatus immediately following catheter implantation. Guide cannulas (14 mm, 24 G) for microinjections were implanted bilaterally 2 mm dorsal to the nucleus accumbens shell. Guide cannulas were cemented in place by affixing dental acrylic to stainlesssteel screws secured in the skull. The coordinates for the ventral ends of the guide cannulas, relative to bregma according to the atlas of Paxinos and Watson, 18 were as follows: +1.0 mm A/P, ± 1.0 mm M/L and − 7.0 mm D/V.
Cocaine self-administration and yoked saline controls for molecular experiments Rats were allowed 7 days to recover from surgery before cocaine selfadministration commenced. Cocaine was obtained from the National Institute on Drug Abuse (Rockville, MD, USA) and dissolved in bacteriostatic 0.9% saline. Rats were randomly assigned to one of two groups: cocaine self-administering animals and yoked saline controls. Each rat trained to respond for contingent cocaine infusions was paired with a yoked subject that received infusions of saline. Lever pressing for the saline-yoked rats had no scheduled consequences, but these animals received the same number and temporal pattern of infusions as selfadministered by the paired cocaine-experimental rat.
Initially, cocaine-experimental rats were placed in the modular operant chambers (Med Associates, St Albans, VT, USA) and allowed to lever press for intravenous cocaine infusions (0.25 mg cocaine/59 μl saline, infusion over 5 s) on a fixed-ratio 1 (FR1) schedule of reinforcement. Once a cocaineexperimental rat achieved at least 20 infusions of cocaine in a single operant session under the FR1 schedule, the response requirement was switched to an FR5 schedule of reinforcement. For responding on both FR1 and FR5 schedules, the maximum number of cocaine infusions was limited to 30 per daily self-administration session and a 20 s time-out period followed each cocaine infusion. Daily 2 h operant sessions (5-6 days per week) were conducted for a total of 21 days. Responses made on the inactive lever, which had no scheduled consequences, were also recorded during both the FR1 and FR5 training sessions. After the 21st operant session, cocaine-experimental and yoked saline control rats were returned to their home cages where they remained for 7 days. On the seventh day of cocaine abstinence, brains were removed and the nucleus accumbens core and shell were dissected on ice and stored at − 80°C until further analysis.
RNA extraction and reverse transcription RNA was extracted from dissected accumbens tissue from cocaineexperimental or yoked saline control rats using RNeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions and as described previously. 19 Superscript First-Strand Synthesis System for reverse transcription (RT)-PCR (Invitrogen, Grand Island, NY, USA) was used to generate cDNA. Briefly, 1.75 μg of total RNA was used in each 20 μl reaction and reactions were primed using random hexamers. Reverse transcription reactions were performed using specific primers in an iCycler (Bio-Rad, Hercules, CA, USA) (25°C for 10 min, 42°C for 50 min and 70°C for 15 min) to quantify the amount of gene expression as compared with a standard curve.
Allele-specific qPCR primers Edited GluA2(R) and unedited GluA2(Q) mRNA transcript expression was determined using quantitative PCR (qPCR). GluA2 Q/R site editing occurs at residue 607 (CAG-4CGG). Unedited GluA2(Q) transcripts were identified using the following primer pair: 'GluA2, F' (5′-GCGAATTCAGAAGTCCAAA CCAGGAG-3′) 20 with 'GluA2, Q' (5′-GCGAAATATCGCATCCTTGCT-3′). Edited GluA2(R) transcripts were identified using the 'GluA2, F' forward primer with 'GluA2, R' (5′-GCGAAATATCGCATCCTTGCC-3′). 20 As a control for our allele-specific GluA2 reactions, we generated primers for the GluA1 transcript at the homologous Q (CAG) site as compared with GluA2 as the GluA1 transcript is not edited. Unedited GluA1 transcripts were detected using 'GluA1, F' (5′-GCGAATTCGCTGGAGGGGACAACTCAAG-3′) 20 with 'GluA1, Q' (5′-GGGAAATGTCACATCCTTGCT-3′). Negative control, 'edited' reactions were amplified by 'GluA1, F' and 'GluA1, R' (5′-GGGAAA TGTCACATCCTTGCC-3′). The following primers were used for real-time PCR to quantify glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression: 'GAPDH, F' (5′-AACAGCAACTCCCATTCTTC-3′) with 'GAPDH, R' (5′-TGG TCCAGGGTTTCTTACTC-3′). Quantitative real-time PCR was performed in an iCycler with the use of SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) through 50 PCR cycles (95°C for 30 s, 57°C for 60 s and 72°C for 90 s). The threshold cycle for each sample was chosen from the linear range and converted to a starting quantity by interpolation from a standard curve run on the same plate for each set of primers. mRNA levels were normalized to GAPDH mRNA levels. Threshold amplification cycle numbers (C T ) were determined using iCycler software (BioRad) as previously described. 21 Bbvl digestion Edited GluA2(R) and unedited GluA2(Q) mRNA transcript expression was further confirmed by Bbvl digestion. The enzyme Bbvl only recognizes the sequence of the unedited GluA2(Q) receptor subunit around the edited base and thus provides additional support for the RT-qPCR experiments. 20 RNA was extracted from nucleus accumbens shell and core tissue and cDNA was synthesized as described above. GluA2 transcripts were amplified using the following PCR primers: 'GluA2, F' (5′-GCGAATTCAGAAG TCCAAACCAGGAG-3′) with 'GluR2, cut' (5′-GCGGTACCGTGTAGGAGGA GATTATGAT-3′). 20 Quantitative real-time PCR was performed through 35 cycles at 60°C with 0.2 μg of cDNA in a 50 μl reaction volume. Following PCR cycling, 10 μl of PCR product was digested in a total volume of 20 μl with 1 U of BbvI per reaction overnight at room temperature. Control reactions omitted the BbvI enzyme.
Western blotting
Whole-cell extracts from accumbens tissue were homogenized with a Polytron (Brinkman Instruments, Westbury, NY, USA) in ice-cold TEVP buffer (10 mm Tris-HCl, pH 7.4, 5 mm NaF, 1 mm Na 3 VO 4 , 1 mm EDTA, 1 mm EGTA) and sonicated for 8 s. Protein content was determined with a Bio-Rad protein assay kit (BioRad). Twenty micrograms of tissue homogenate was boiled in the presence of sample buffer for 5 min before separation on 4-20% sodium dodecyl sulfate-polyacrylamide gel. Proteins were transferred to nitrocellulose membranes, which were then blocked with 5% nonfat dry milk dissolved in Tris-buffered saline containing 0.2% Tween-20 (TBST) for 60 min. Membranes were then incubated overnight at 4°C with anti-ADAR2 antibody 1:500 (Santa Cruz Biotechnology, Dallas, TX, USA). Primary antibody incubation was followed by six washes (10 min, rocking, RT) in TBST before incubation with the secondary antibody (HRPconjugated goat anti-rabbit IgG; Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Antibody-protein complexes were visualized using the ECL detection system (Perkin Elmer, Waltham, MA, USA) and their intensities were quantified using computer-assisted densitometry (Alpha Innotech, San Jose, CA, USA). For data analysis, ADAR2 bands were normalized to GAPDH.
Viral mediate gene transfer
Herpes simplex virus (HSV) vectors were constructed and packaged at the Viral Gene Transfer Core at the McGovern Institute for Brain Research (MIT, Cambridge, MA, USA) as described previously. 22 Briefly, ADAR2b cDNA was inserted into the HSV amplicon HSV-PrpUC, packaged and resuspended in 10% sucrose. The average titer of the resulting HSV stocks was 4.0 × 10 8 infectious units per ml. Transgene expression was regulated by HSV IE 4/5 vectors, which produced a transient increase in transgene expression that was maximal between 3 and 4 days after infusion and dissipated completely by 6-7 days. 22 Therefore, reinstatement test sessions were conducted 3 and 6 days after stereotaxic surgery to introduce HSV viral vectors (Figure 4a) . Four ADAR2 isoforms have been identified in the rat brain. 23 ADAR2b preferentially edits GluA2 pre-mRNA at the Q/R site. 7 Therefore, HSV was used to express exogenous ADAR2b in vivo. ADAR2b constructs were identical to those used previously to overexpress ADAR2b in the rat brain. 24 ADAR2b overexpression increases GluA2 Q/R site editing and synaptic expression of functional Ca 2+ impermeable AMPARs (i.e., edited GluA2(R)-containing AMPARs) in the hippocampus. 24 Transient ADAR2b overexpression in the accumbens shell and the reinstatement of cocaine seeking Rats underwent catheterization surgery as described above. After a 7-day recovery period, rats were trained to lever press for intravenous cocaine on an FR5 schedule of reinforcement. Daily operant sessions were conducted for a total of 21 days. Cocaine self-administration behavior was then extinguished by replacing the cocaine with 0.9% saline. The extinction phase continued until responding on the active lever was o20% of the response rate maintained by cocaine self-administration. It took~3-5 days for rats to meet their extinction criteria.
After 5 days of extinction, animals were injected with either HSV expressing GFP or ADAR2b directly into the nucleus accumbens shell. HSV-GFP and HSV-ADAR2b (2 μl per hemisphere) were administered bilaterally into the accumbens shell via 16 mm, 33 G microinjectors. Each 2 μl microinjection was made over 10 min and the microinjectors were left in place for an additional 2 min. Two consecutive daily extinction sessions were then conducted to ensure that cocaine self-administration behavior was extinguished. Reinstatement of cocaine seeking was tested 72 h following intraaccumbens shell microinjection of viral vectors. An acute priming injection of cocaine (10 mg kg − 1 , intraperitoneally) was administered and rats were placed immediately into the operant chambers. Satisfaction of the response requirement during reinstatement test sessions resulted in a saline rather than a cocaine infusion (which was identical to extinction conditions). Two consecutive days of extinction followed the first reinstatement test. Cocaine priming-induced reinstatement was again tested 72 h after the first reinstatement test (i.e., 6 days following viral infusions).
BS3 crosslinking
Alterations in the surface expression of GluA subunits were measured using Bis(sulfosuccinimidyl)suberate (BS3) crosslinking methods as described previously. 13 Briefly, the nucleus accumbens shell and core were dissected and incubated in 2 mM BS3 in artificial cerebrospinal fluid for 30 min at 4°C. The reaction was quenched with 100 mM glycine, washed with artificial cerebrospinal fluid, resuspended in lysis buffer (10 mm Tris-HCl, pH 7.4, 5 mm NaF, 1 mm Na 3 VO 4 , 1 mm EDTA, 1 mm EGTA) and prepared for immunoblots. The samples were used for western blots as described above using the following antibodies GluA1, GluA2/3 and GluA4 (1:700; Millipore, Billerica, MA, USA). All bands were normalized to GAPDH.
Statistics
Brain region-specific changes in GluA2 Q/R transcripts, Bbvl digest, total GluA2 transcripts and ADAR2 expression were analyzed using unpaired Student's t-tests. Active and inactive lever responses during cocaine reinstatement test sessions were also analyzed with unpaired Student's ttests. Membrane-bound expression of GluA subunits in the core and shell was analyzed with separate two-way analysis of variances followed by Bonferroni post hoc tests (Po0.05).
RESULTS
Previous studies have demonstrated that cocaine seeking is associated with increased synaptic expression of CP-AMPARs (i.e., GluA2-lacking AMPARs) [13] [14] [15] in the accumbens. However, it is not clear whether GluA2 Q/R site editing and increased expression of CP-AMPARs containing unedited GluA2(Q) subunits have a role in cocaine seeking. Decreased GluA2 Q/R site editing during cocaine abstinence would result in increased expression of unedited GluA2(Q) subunits that would in turn form CP-AMPARs containing GluA2(Q). To investigate this hypothesis, GluA2 Q/R transcripts were measured in rat nucleus accumbens subregions following 1 and 7 days of forced cocaine abstinence. Although GluA2 Q/R site editing was not altered following 1 day of cocaine abstinence (t(4) = 0.70, P = 0.52) (Supplementary Figure 1A) , there was a significant decrease in GluA2 Q/R editing (as reflected by an increase in the ratio of GluA2(Q):GluA2(R) transcripts) in the accumbens shell as measured by RT-qPCR (t(13) = 2.84, Po0.01) and Bbvl digestion (t(8) = 3.58, Po0.01) following 7 days of abstinence (Figures 1a and b) . In contrast, no effects of cocaine abstinence on GluA2 editing in the accumbens core were noted following 1 day (t(4) = 0.05, P = 0.97) (Supplementary Figure 1B) or 7 days (RT-qPCR (t(14) = 0.70, P = 0.50) or Bbvl digestion (t(8) = 1.09, P = 0.31) (Figures 1d and e) ) of cocaine abstinence. Furthermore, Cocaine abstinence is associated with disrupted GluA2 Q/R site editing in the accumbens shell. The ratio of GluA2 Q:R transcripts in the accumbens shell (a), but not core (d), was significantly increased in cocaine-experienced rats compared with yoked saline control animals following 7 days of forced cocaine abstinence as measured by RT-qPCR (n = 8 per treatment). Bbvl digestion of GluA2 PCR product demonstrated a significant increase in the ratio of GluA2 Q:R transcripts in the accumbens shell (b), but not core (e), in cocaine-experienced rats compared with yoked saline control animals following 7 days of forced cocaine abstinence (n = 4 per treatment). No change in total GluA2 mRNA expression was observed in the shell (c) or core (f) following 7 days of abstinence (n = 4 per treatment). *Po 0.05. 7 days of cocaine abstinence was not associated with altered expression of total GluA2 mRNA in the shell (t(4) = 0.24, P = 0.82) (Figure 1c ) or core (t(4) = 0.22, P = 0.83) (Figure 1f ). We next assessed ADAR2 expression, which was decreased in the accumbens shell as measured by western blots (t(4) = 3.05, Po0.05) (Figure 2a ) and immunohistochemistry (t(5) = 4.23, Po0.01) (Figures 2b and c) . Taken together, these findings indicate that cocaine selfadministration decreases shell ADAR2, thereby increasing expression of CP-AMPARs containing unedited GluA2(Q).
To assess the functional significance of cocaine-induced changes in ADAR2, viral-mediated gene transfer was used to express ADAR2b in the accumbens shell before cocaine priminginduced reinstatement of drug seeking, an animal model of drug craving and relapse. Transgene expression was maximal 72 h following infusion of HSV into the shell and completely dissipated 7 days after injection (Figure 3a) . ADAR2b protein expression (t(19) = 2.284, P o 0.05) (Figure 3b ) and GluA2 Q/R site editing (t(6) = 4.80, P o 0.01) (Figure 3c) were increased 72 h following injection of HSV-ADAR2b into the accumbens shell. Although there was a trend toward increased GluA2 Q/R site editing in the accumbens core following transgene expression in the shell, these effects were statistically not significant (t(6) = 1.86, P = 0.11) (Figure 3c ).
Next, we measured alterations in the surface expression of accumbens GluA1-4 subunits using BS3 crosslinking following ADAR2b overexpression in the shell. These data were analyzed with separate two-way analysis of variances with a betweensubjects factor of treatment (HSV-GFP versus HSV-ADAR2b) and a within-subjects factor of GluA subunits. The results of the analyses revealed significant main effects of virus (F(1, 28) = 4.659, P o0.05) and GluA subunits (F(2, 28) = 57.44, P o0.0001) for membranebound proteins in the accumbens shell (Figure 4a ), but not core (F(2, 12) = 0.164, P = 0.70) (Figure 4b ). Subsequent post hoc analyses revealed a significant increase in surface GluA2/3, but not GluA1 or GluA4, expression in the shell of rats treated with HSV-ADAR2b versus rats treated with HSV-GFP (Figure 4a) .
Expression of exogenous ADAR2b in the accumbens shell significantly attenuated cocaine priming-induced reinstatement (i.e. reinstatement test no. 1) (t(18) = 2.51, P o 0.05) (Figure 5b ). This effect paralleled ADAR2b expression as no differences in cocaine seeking were observed (t(18) = 0.58, P = 0.57) (Figure 5c ) in the same animals 72 h following the first reinstatement test (i.e. reinstatement test no. 2), a time point consistent with full loss of transgene expression in the accumbens shell (Figure 3a) . No effect of viral treatment on inactive lever responding was noted during the first (t(18) = 1.38, P = 0.18) (Figure 5b second (t(18) = 0.83, P = 0.42) (Figure 5c ) reinstatement tests, suggesting that attenuation of drug seeking is not due to general motor suppressant effects of ADAR2b overexpression. Viral infusions were targeted at the medial accumbens shell and are shown in Figure 5d .
DISCUSSION
This is the first study to demonstrate that GluA2 Q/R site editing can modulate behavior, specifically in a model of cocaine craving. Here, we show that 7 days of forced cocaine abstinence decreased expression of ADAR2b, the primary enzyme responsible for catalyzing GluA2 Q/R site editing, [5] [6] [7] and GluA2 editing in the nucleus accumbens shell, but not core. These results suggest that increased synaptic expression of CP-AMPARs containing unedited GluA2(Q) subunits in the shell may facilitate cocaine seeking. To investigate the functional significance of ADAR2b and GluA2 Q/R site editing in drug addiction, we used a viral-mediated gene transfer to overexpress ADAR2b in the accumbens shell of cocaine abstinent rats before tests of cocaine seeking. Increased ADAR2b expression in the accumbens shell attenuated cocaine priminginduced reinstatement of drug seeking and was associated with an increased GluA2 Q/R site editing and surface expression of GluA2-containing AMPARs. Previous studies have demonstrated that decreased surface expression of GluA2 is associated with cocaine seeking. [13] [14] [15] The present results suggest that increased expression of CP-AMPARs in the accumbens shell during cocaine seeking is due, in part, to disrupted GluA2 Q/R site editing and possibly increased surface expression of CP-AMPARs containing unedited GluA(Q) subunits. Collectively, these findings indicate that GluA2 editing in combination with GluA2 endocytosis 14 may contribute to cocaine craving and relapse.
In light of recent studies demonstrating that increased surface expression of GluA1 subunits is associated with cocaine seeking, 13, 25 it is likely that GluA1 insertion and GluA2 endocytosis occur in parallel in the accumbens to promote drugseeking behavior. 11, 26 The present findings, however, indicate that this model should be expanded to include the effects of cocaine abstinence on GluA2 editing and subsequent insertion of unedited GluA2(Q)-containing CP-AMPARs into the plasma membrane. In the nucleus accumbens, expression of GluA1 and GluA2 subunits is high, GluA3 expression is low and GluA4 expression is very low. 13 Our data indicate that ADAR2b-induced GluA2 site editing promotes increased surface expression of GluA2/3, but not GluA1 and GluA4, AMPAR subunits in the accumbens shell. Therefore, it is likely that increased ADAR2b-mediated GluA2 editing affects trafficking of GluA2 subunits only. Taken together, these results indicate that cocaine seeking may be driven, in part, by the complex and dynamic processes of GluA1 insertion, GluA(Q)-containing AMPAR insertion and GluA2(R)-containing CI-AMPAR endocytosis in the accumbens shell.
In addition to channel gating, GluA2 Q/R site editing also influences GluA2 trafficking, AMPAR assembly and subunit composition. 27 Retention of GluA2 in the endoplasmic reticulum (ER) is controlled by Q/R site editing. The majority of edited GluA2 (R) resides stably in the ER before being trafficked to the cell surface where it forms heterodimers with GluA1. 28 In contrast, unedited GluA2(Q) is rapidly released from the ER and expressed on the cell surface. 28 Moreover, the insertion rate of edited GluA2 (R) into the plasma membrane is slower than that of unedited GluA2(Q). 29 Thus, GluA2 Q/R site editing regulates trafficking, subunit composition and ion conduction through AMPARs. Here, we show that cocaine abstinence decreases GluA2 Q/R site editing in the shell, suggesting that there may be increased expression of CP-AMPARs containing unedited GluA2(Q) on the cell surface.
It is not possible to differentiate edited GluA2(R) protein from unedited GluA2(Q) protein at the synapse in vivo. 8 While functional CP-AMPARs can be identified electrophysiologically, there are no methods currently available to differentiate GluA2-lacking AMPARs from AMPARs containing unedited GluA2(Q) subunits. Cocaine seeking is associated with increased synaptic expression of CP-AMPARs in the accumbens shell. 13 Moreover, AMPARs on nucleus accumbens medium spiny neurons display inward rectification, a hallmark of CP-AMPARs, in rats during cocaine abstinence. 30 These results are consistent with the present finding that cocaine self-administration decreased GluA2 Q/R site editing in the shell. However, it is not possible to separate the exact contributions of GluA2-lacking AMPARs versus AMPARs containing unedited GluA2(Q) to changes in rectification during cocaine abstinence. As only a small proportion of GluA2 subunits are unedited, cocaine abstinence-induced disruptions in GluA2 Q/R expression could have a disproportionate effect on AMPAR calcium permeability and synaptic plasticity in the accumbens shell. New methods are needed to distinguish GluA2-lacking CPAMPARs from CP-AMPARs containing unedited GluA2(Q) subunits to determine the precise contributions of these CP-AMPAR populations to cocaine-induced changes in neuronal excitability and the reinstatement of cocaine-seeking behavior. This is the first in vivo evidence that CP-AMPARs containing unedited GluA2(Q) influence behavior. Specifically, the current results define a critical role of accumbens shell ADAR2b-dependent GluA2 Q/R site editing in the reinstatement of cocaine-seeking behavior. These findings indicate that increased expression of CP-AMPARs in the accumbens shell during cocaine seeking may be due, in part, to disrupted GluA2 Q/R site editing, suggesting that GluA2 editing contributes to cocaine craving and relapse. Thus, the present results indicate that regulation of ADAR2b expression and GluA2 Q/R site editing represent novel targets for the development of treatments for cocaine craving and addiction.
